A number of flying insects make use of tandem-wing configurations, suggesting that such a setup may have potential advantages over a single wing at low Reynolds numbers. Dragonflies, which are fast and highly maneuverable, demonstrate well the potential performance of such a design. In this paper, a tandem-wing flapping configuration is simulated at a Reynolds number of 10,000 using an incompressible Navier-Stokes solver and an overlapping grid method. The flapping motion consists of a simple sinusoidal pitch and plunge motion with a spacing of one chord length between both wings. The arrangement was tested at a Strouhal number of 0.3 for three different phase angles: 0, 90, and 180 deg. The aerodynamics of the hindwing was compared in detail to a single wing, with the same geometry and undergoing the same flapping kinematics, to determine the effect of vortex shedding from the forewing on the hindwing, as well as how the phase angle affects the interaction. The average lift, thrust, and power coefficients and the average efficiency of the fore-and hindwings were compared with a single wing to determine how the tandem-wing interaction affects performance. The results show that adjusting the phase angle allows the tandem wing to change the flight mode. At 0 deg phase lag, the tandem wing produces high thrust at high propulsive efficiency, but low lift efficiency. Switching to 90=180 deg phase lag decreases the thrust production and propulsive efficiency but greatly increases the lift efficiency. At 90=180 deg, the power coefficient is much lower than at 0 deg, due to the hindwing extracting energy from the wake of the forewing. 
T ANDEM wing flapping arrangements have potential applicability to micro air vehicle (MAV) design. MAVs are small (bird to insect sized), autonomous air vehicles that are of interest for a variety of military and civilian applications. Such aircraft have a number of potential uses; however, designing MAVs with extended flight times and high maneuverability presents a number of challenges. Because of their small size and slow flight velocity, MAVs operate at low Reynolds numbers, below 100,000, which presents a number of challenging aerodynamic problems for fixedwing aircraft. The decreased efficiency, in terms of the lift-to-drag ratio, of fixed wings at Reynolds numbers below 100,000, is well documented [1] . Natural fliers, however, such as small birds and insects, operate in the same low Reynolds number regime and use flapping motions to produce superior aerodynamic performance.
The aerodynamics of flapping wings has been studied extensively [2] [3] [4] . Although some previous studies have focused on tandem flapping wings, most work in the area of flapping wing research has focused on single-wing configurations (one wing per side), which is used by birds and bats. The tandem-wing configuration (two wings per side), however, is used by a number of different flying insects. Although not all tandem-wing fliers use their second set of wings for aerodynamic force generation, recent results from the field of biology suggest that the additional wings can provide a substantial increase in aerodynamic forcing, while improving efficiency [5] . As pointed out by Ellington, insects fly in a laminar flow regime whereas most birds live in a turbulent regime [6] . The frequency of occurrence of tandem configurations in the laminar flow regime may offer some evidence that the tandem configuration is a better choice for MAVs, which mainly operate in the laminar flow regime.
Perhaps the best example of the potential performance level provided by tandem flapping wings is the dragonfly. Dragonflies are exceptional fliers, capable of fast forward flight and acceleration; they are highly maneuverable, can hover for extended periods of time, and can even fly backward. Their impressive flight abilities have attracted the attention of biologists and aerodynamicists, who have studied their flight performance. May captured high-speed recordings of dragonflies in the field and found they are capable of attaining velocities of 10 m=s, can sustain accelerations of 2 g, and can reach instantaneous accelerations of 4 g [7] . Force measurements from tethered dragonflies by Reavis and Luttges determined that they are capable of producing lift forces equal to 15-20 times their own body weight [8] .
Studies of the wing anatomy and flapping kinematics of dragonflies have provided insights into the specifics of dragonfly aerodynamics. Norberg reported morphological data such as the wing shape, wing size, wing mass distribution, and weight [9] . Detailed kinematic data for a dragonfly in free forward flight and hovering flight has also been reported by Norberg [9] and Wakeling and Ellington [10, 11] . Smoke visualizations on both free flying and tethered dragonflies performed by Thomas et al. show that dragonflies generate high lift using leading-edge vortices and that they control the behavior of leading-edge vortices through the angle of attack [12] . They found that the formation, growth, and stability of leading-edge vortices were associated with increases in the angle of attack, whereas vortex shedding was associated with decreases in the angle of attack. They also observed that, in cruising flight with the wings counterstroking (fore-and hindwings flap out of phase by approximately 180 deg), leading-edge vortices formed on the forewing during downstroke, whereas flow was attached on the forewing during the upstroke and on the hindwing throughout the cycle. During in-phase flapping, the formation of a single leading-edge vortex across both the fore-and hindwings was observed during the downstroke. Their study suggests that dragonflies exhibit fine control over the behavior of leading-edge vortices, which in turn greatly affects their flight performance.
Furthermore, dragonflies are able to actuate their hindwings independently from their front wings, allowing them to control the phase relationship between the fore-and hindwing flapping cycles. It has been observed that dragonflies make frequent use of this ability; flapping their wings out of phase by approximately 180 deg while in cruising flight, but flapping their wings in phase while undergoing high accelerations and acrobatic maneuvers [12, 13] . Studying dragonflies filmed in the field, Ruppell noticed that they exhibited three different phase relationships during flight: in-phase, counterstroke, and phase-shifted stroking [14] . He observed that counterstroking was associated with uniform flight, whereas the flight produced by in-phase and phase-shifted stroking was irregular. Based on these observations, it has been suggested that in-phase flapping increases lift production through some unsteady mechanism, whereas flapping in counterstroke allows the hindwing to extract energy from the wake of the forewing, thereby increasing flight efficiency [13, 15] . Work by Saharon and Luttges indicates the possibility that changes in the force production and efficiency may be the result of changing the vortex interactions between the fore-and hindwing [16] [17] [18] . They observed that vortex interactions could be controlled by changing the phase angle between the two wings, thereby implying the possibility of controlling thrust and lift.
The phase relationship and its impact on the aerodynamic force production and efficiency of tandem-wing configurations have been studied by a number of sources using 2-D computational models. Solving a 2-D Navier-Stokes equation using moving overset grids, Lan and Sun found that 90-deg-phase flapping produces the largest horizontal force and can be used for escaping [19] . For both counterstroking and 90-deg-phase stroking, the magnitude of the resultant force was decreased, whereas, for in-phase stroking, they noticed that the magnitude of the resultant force is almost unchanged. Wang and Russell simulated a tandem-wing arrangement using kinematics taken from video of hovering dragonflies [20] . Their results, using a 2-D Navier-Stokes solver and an overlapping grid method, showed that lift was maximized when the wings flapped inphase, whereas the power was minimized when the wings flapped 180 deg out of phase. Using a tandem-wing configuration to simulate interaction between the dorsal and tail fins of a bluegill sunfish, Akhtar et al. investigated the effects of several different phase angles (18-138 deg dorsal fin leading) on both thrust and propulsive efficiency by solving the 2-D Navier-Stokes equations using an immersed boundary method [21] . Two arrangements were tested, the tail fin alone and the dorsal and tail fin together. They observed that both the coefficient of thrust and the propulsive efficiency of the dorsal and tail fin arrangement were increased over that of the tail fin only arrangement at all tested phase angles, with a maximum coefficient of thrust, three times that of the tail fin alone, at 48 deg and a maximum propulsive efficiency, almost twice that of the tail fin alone, at 33 deg.
The effect of the phase angle has also been studied using 3-D computational models. Lan, using an unsteady quasi-vortex lattice method to model the potential flow of two airfoils flapping in tandem, showed that there are increases in the thrust and efficiency if both of them are oscillating at an optimum phase angle, where the hindwing leads the forewing [15] . He suggested that this is because the hindwing can extract energy from the wake of the forewing. The aerodynamic force generation and power requirement of a dragonfly in hovering flight were studied computationally by Sun and Lan [22] . They solved the 3-D Navier-Stokes equations for incompressible flow using moving overset grids. With hovering wing kinematics similar to a dragonfly, they found the mean lift is equal to the insect weight and the mean thrust is approximately zero. They also found the lift coefficient is twice as large as the maximum steady-state value. For hovering, they observed that the interaction between the forewings and hindwings is not strong and is detrimental to the lift force generation, reducing the lift by 14% and 16% on the forewings and hindwings, respectively. Huang and Sun computationally investigated tandem wings by solving the 3-D incompressible Navier-Stokes equations and determined the aerodynamic force results over a range of phase angles at several advance ratios [23] . They found that, when the hindwing leads the forewing, the mean total lift and thrust were only slightly influenced by the phase angle; however, when the forewing leads the hindwing, the mean total forces, especially the lift, were greatly decreased. They determined that this was due to the hindwing moving in the strong downwash generated by the forewing, which decreased the effective angle of attack.
A few studies have used experimental tandem-wing setups to explore the aerodynamics. Usherwood and Lehmann analyzed the effects of wing phasing on aerodynamic efficiency using a robotic hovering model dragonfly [5] . The definition for aerodynamic efficiency they used was the figure of merit used for hovering helicopters, which is defined as the ratio of the minimum theoretical power required for hovering over the measured power. They found that, although interaction between the fore-and hindwings was largely detrimental in terms of lift, certain phase angles provided increased aerodynamic efficiency compared with isolated single wings. Specifically, they found that when the hindwing leads the forewing by 90 deg, the aerodynamic efficiency is 22% greater than when both wings are isolated from each other. They postulated that the increase in efficiency was due to the hindwing extracting energy from the wake of the forewing by removing swirl. Warkentin and DeLaurier also studied the aerodynamics of a mechanical tandemwing model at a variety of phase angles and wing spacings [24] . They found that maximum thrust and propulsive efficiency was achieved at around 50 deg phase angle for all four wing spacings (0:39c, 1:126c, 1:90c, and 2:65c). The two closest wing spacings showed similar performance in terms of lift, thrust, and propulsive efficiency with a large drop in performance beyond spacings of 1:126c. They also observed that the optimum tandem-wing arrangement showed nearly double the propulsive efficiency of a single wing, where the geometry of the tandem wings and the single wing were identical as were the flapping kinematics.
Both experimental and numerical results seem to show mixed results when the force coefficients of tandem wings are compared with a single wing (tandem outperforms single [21, 24] , single outperforms tandem [5, 22] ). Meanwhile, it seems clear that tandem wings can obtain higher efficiency when flapping with the optimal phase angle. In this study, we investigate the phase relationship between tandem flapping wings using a 2-D model. The tandem wings were simulated in forward flight (inlet velocity equal to one chord length per second) at a Reynolds number of 10 4 using an incompressible Navier-Stokes solver. A Reynolds number of 10 4 was chosen, which is at the high end of operation for dragonflies [11] . Three different phase relationships were considered, hindwing leading forewing by 0, 90, and 180 deg (the phase lag is applied to both the pitching and plunging motions together). To clarify, when the forewing is at the start of the downstroke; at 0 deg, the hindwing is also at the start of the downstroke; at 90 deg, the hindwing is halfway through the downstroke; and at 180 deg, the hindwing is at the start of the upstroke. Although three phase angles alone may not be enough to determine optimization [25] , it should be enough to demonstrate the broad effects that the phase angle has on the aerodynamics. Wing spacing was equal to one chord length for all cases. Detailed comparisons were made with the case of a single airfoil with the same flow conditions, kinematics, and geometry (including chord length). The tandem and single-wing cases were tested at a Strouhal number of 0.3, based on the observations by Taylor et al. that most natural fliers flap in a Strouhal number range of 0.2-0.4 [26] . Results for all cases were taken after periodic motion had been established which required simulation out to eight flapping cycles.
The objectives of the study are to 1) determine the effect of phase angle on the force coefficients and efficiency of the tandem fore-and hindwings, individually. Compare these results to a single wing to determine the effect on the hindwing with and without a forewing and vice versa. 2) Determine the effect of the phase angle on the force coefficients and efficiency of the tandem configuration on a systems level (combined fore-and hindwing). Compare the tandem-wing configuration at each phase angle to a single wing in terms of the lift, thrust, and power coefficients and efficiency to determine the effect of the tandem-wing interaction on performance. The lift, thrust, and power coefficients of the tandem wing are calculated from the combined force and area of the fore-and hindwing to compare to a single wing. 3) Determine the relationship between the phase angle and wing-wing vortex interactions and how it affects the force generation of the hindwing.
As noted above, comparisons between the tandem and single wings were made on two different levels. First, to determine the results of the hindwing with and without a forewing. This is a relatively straightforward comparison, where the single-wing results represent the hindwing without the forewing. Second, to compare the performance of the tandem configuration on a system-wide level (fore-and hindwing combined) to the performance of a single wing. Because the force coefficients and efficiency are all normalized for area, the system level results of the tandem wing can be compared directly to a single wing. Because the flow conditions and flapping kinematics are the same between the tandem and single wings, any differences in the force coefficients are due to the tandem-wing interaction. That is, if the two tandem wings were isolated, then the force coefficients would be identical to a single wing, therefore, any change from the single-wing results must be due to the tandem-wing interaction.
II. Research Method A. Numerical Method
The flow problems were solved using the time-dependent incompressible Navier-Stokes equation
where u is the flow velocity, p is the pressure, is the kinematic viscosity, and represents the Poisson operator. The Navier-Stokes equation is solved using a split-step scheme that decouples the velocity and pressure and solves for the pressure using the Poisson equation [27] :
The term C d r u in the preceding equation is used to damp the divergence. The equations were discretized on an overlapping grid using a second-order-accurate central difference method. Time stepping was accomplished for the Cartesian background grid using an explicit method. For the airfoil grids, time integration was accomplished implicitly for the viscous terms, whereas the other terms were integrated using a second-order Adam's predictor corrector. The predictor step is
and the corrector step is
where superscripts p and c represent the predicted and corrected values, respectively, and f E u ru rp and Au u; was set to 0.5, which gives a second-order Crank-Nicolson method.
The discretized system of equations is solved using the portable extensible toolkit for scientific computation [28] solver. A multigrid scheme is used to further enhance the performance. For the Reynolds number studied (10,000) the flow was assumed to be laminar and no turbulence model was employed. Although a Reynolds number of 10,000 is too high to be considered purely laminar, several studies show only small differences in the force histories when using a laminar model compared with a turbulent model at Reynolds numbers below 60,000 [29] [30] [31] [32] .
B. Overlapping Moving Grid
The wing flapping motion leads to a moving boundary problem. We need a moving grid approach to dynamically update the computational grid to accommodate the wing motion. The overlapping moving grid is adopted [33] . This method uses boundaryconforming structured grids to achieve high-quality representations of objects of interest. It employs Cartesian grids as the background grids so that the high efficiency inherent with such grids can be exploited. The irregular boundaries associated with standard Cartesian grid methods take the form of the interpolation boundary between overlapping grids. The use of overlapping grids is desirable for moving bodies because it is computationally less expensive than most other conventional approaches. Interpolation points are located in the overlap region between different grids and are used to couple the solutions. As the body moves, the boundary-conforming grid moves with it, meaning that only the interpolation points between grids need to be recalculated as opposed to the need to regenerate the whole mesh, as may be necessary with other methods. The movement of the airfoil is defined by a specified motion as indicated in subsequent sections. Figure 1 shows the grid used for the tandemwing analysis. Points were stretched to increase the grid density near the airfoil's surface to better resolve the boundary layer around the airfoil.
III. Results

A. Grid Sensitivity Analysis: Dynamic Stall
We first studied the case of a dynamic stall to establish the validity of the code for the numerical simulation of moving boundary problems. The dynamic stall case has been extensively studied, both numerically and experimentally, and has a comprehensive database with which to compare the results from the current study [34] [35] [36] . In the dynamic stall case, a NACA0012 airfoil rapidly pitches up to generate a leading-edge vortex, which convects over the top of the airfoil, creating a low-pressure region and delaying the stall.
The dynamic stall was simulated at a chord-based Reynolds number of 10,000, with the airfoil rotating about the quarter-chord position. The angular velocity of the airfoil was modeled with the following ramp function [35] :
where 0 is the maximum angular velocity, which was 0:2 rad=s and t 0 is the time taken, after the start of motion, to reach 99% of the maximum angular velocity, which was set to 0.5 s. In the simulation, the airfoil was held in place to allow flow to become established before the airfoil was set in motion.
In the simulation, the Dirichlet boundary condition was set on the left side of the domain (inlet) on which the velocity was set as the freestream velocity; the pressure was prescribed on the right side of the domain (the outlet); the top and bottom boundaries were set as slip walls to simulate an infinite domain. The dynamic stall was modeled with different background domain sizes to determine the size needed to eliminate the wall effects. Three different domain sizes were tested, 10c 10c, 20c 20c, and 40c 40c. The result shows that the differences among the three domain sizes are not significant, and there is only a minor difference in the maximum lift coefficient achieved between the three grids. The 20 20 and 10 10 grids could be used without altering the results significantly from the 40 40 grid. In our study, the 20 20 domain size is used.
The effect of different airfoil grid resolutions was also tested. Three different grid resolutions were tested: 192 96, 256 128, and 320 160. These airfoil grid resolutions were tested over two different background grid resolutions: 200 200 and 300 300. The results from the 200 200 grid are shown in Fig. 2 and the results from the 300 300 grid, along with the computational results of a similar case from Liu and Kawachi [36] and experimental results from McCroskey et al. [34] , are shown in Fig. 3 . Figure 2 shows that refining the airfoil grid has little effect on the results at the early stages of dynamic stall, up until 25 deg angle of attack, but approaching the stall angle, grid refinement causes a noticeable difference in dynamic stall behavior. For the coarse grid, stall occurs at about 37 deg and lift shows a sudden drop beyond the point. However, for the finer grids, the first stall occurs at a lower angle of attack. Instead of showing a sudden drop, the lift varies slowly with the angle of attack until the angle of attack reaches the second stall angle at a much higher angle of attack. After the second stall, the lift shows a sudden drop. Overall, the results show good convergence with airfoil grid refinement in regards to the upward slope, the first stall angle, and the downward slope, however, there is no clear convergence of the second stall angle. It should also be pointed out that the lift coefficient spikes from zero to about one at t 0. This discontinuity is caused by the initial startup motion of the grid. Figure 3 shows the results for the 300 300 background grid. Compared with the 200 200 background grid, the results show no change for the 192 96 and 256 128 grids, but show a noticeable difference for the 320 160 grid. The results for this background grid show good convergence as the airfoil grid is refined from 256 128 to 320 160. Overall, our computational results from Fig. 3 show similar behavior compared with the results from Liu and Kawachi [36] and McCroskey et al. [34] in terms of the upward and downward slopes. However, the stall angles differ from each other. It should be noted here that the experiment was performed at a much higher Reynolds number. Liu and Kawachi's simulation [36] was conducted at the Reynolds number of 10,000, but his solution only shows one stall angle followed by a slow drop in the lift. Figure 4 compares the vorticity contours for the 192 96, 256 128, and 320 160 airfoil grids on the 300 300 background grid at 40 deg angle of attack, which is the position of the second stall angle in our computation. The vorticity contours show similar convergence compared with the force data in Fig. 3 . Increasing the grid resolution from 192 96 to 256 128 results in a noticeably more well-defined leading-edge vortex, whereas further refinement results in a negligible difference.
B. Tandem-Wing Kinematics
For the tandem-wing case, two 192 64 airfoil grids were generated over a 200 200 background grid. The flapping kinematics used in the study were a combination of sinusoidal pitching and sinusoidal plunging, with the pitch axis at 0:25c from the leading edge. It was not the intent of the study to exactly replicate dragonfly kinematics, which can vary widely depending on the flight mode and trajectory [11] , but rather to study a tandem configuration undergoing simple periodic motion that would be easier to implement in a mechanical design. The equations of motion used were t 0 cos2ft h av
ht h 0 cos2ft h (8) where t is the pitching angle, ht is the displacement, t is time, f is the flapping frequency, 0 is the pitching amplitude, h 0 is the plunging amplitude, ' is the phase for pitch, av is the average angle of attack, and ' h is the phase for plunge. The parameters used for the kinematics for the single, fore-, and hindwing are shown in Table 1 .
Parameters were picked mostly arbitrarily as a starting point, with the frequency and plunge amplitude set such that the Strouhal number was equal to 0.3. Pitch leading plunge by 90 deg has been shown to be most efficient for flapping wings from a number of sources [37, 38] . The average angle of attack was set such that a moderate amount of both cycle-averaged lift and thrust was produced. The chord-based Reynolds number was 10,000. The flapping Reynolds number, defined as 2fh 0 c=v, was equal to 9424. The kinematic parameters of the single wing are the same as those of the fore-and hindwing. Although this may not be ideal for comparison, as a single wing may have a different set of optimum flapping parameters than that of the tandem wings; determining such a set of optimum flapping parameters for both a single-and tandemwing arrangement is simply outside the scope of this work.
C. Aerodynamic Force Results
The fore-and hindwing results were compared individually to a single wing to determine the effect of the forewing on the hindwing (and vice versa). The lift, thrust, and resultant coefficients were calculated for each wing individually as
where C L , C T , and C R are the lift, thrust, and resultant force coefficients, is the fluid density, A is the planform area with unit depth, U is the freestream velocity, and L and T are the lift and thrust forces. Figure 5 shows the transient lift and thrust coefficients, over a single flapping cycle, for both the fore-and hindwings at all the three tested phase angles, 0, 90, and 180 deg (hindwing leading), as well as the same values for a single wing. All thrust results in this paper are the net thrust or the total thrust minus the drag. Figures 5a and 5b show that the presence of the hindwing has a notable effect on the peak lift and thrust coefficients of the forewing during the cycle. The increase in the magnitude of these peaks varies with phase angle, with the 0 deg phase case showing the largest increase. This effect is not surprising given the results of Jones et al., which show a pair of oscillating airfoils to the rear of a fixed forewing can cause an entrainment effect on the forewing and increase lift [39] .
Other than the increased peaks in lift and thrust, the forewing results are fairly similar to a single wing.
The lift and thrust coefficients for the hindwing, shown in Figs. 5c and 5d, vary much more wildly from the single wing and for different phase angles than the forewing. This is very likely due to the change in wing-wing vortex interactions caused by different phase angles, which will be discussed in depth shortly. When the tandem wings flap with 0 deg phase lag, the hindwing experiences large increases in the peak lift and thrust coefficients with no noticeable phase lag. Flapping with 90 and 180 deg phase lag, however, causes the hindwing to experience noticeable decreases in the peak lift and thrust coefficients, lower even than the single-wing case. There are also large phase lags in the lift and thrust coefficients of the hind at 90 and 180 deg. It is important to note here that the data in Figs. 5c and 5d have been normalized so that, at any point along the x axis, all four cases are at the same position in the flapping cycle (origin is at the top of the downstroke). Notably, this causes the hindwing of the 90 deg case to produce all of its positive lift at the second half of the downstroke and first half of the upstroke, whereas the hindwing of the 180 deg case produces most of its positive lift during the second half of the upstroke and first half of the downstroke. Table 2 summarizes the cycle-averaged lift, thrust, and resultant force coefficients for the single wing and the fore-and hindwings of each tandem case. It also shows the corresponding percentage increase or decrease compared with a single wing.
From Table 2 , it is clear that the presence of the hindwing has a positive effect on the force coefficients of the forewing. Compared with a single wing, without a hindwing, the forewing shows increases in the average lift, thrust, and resultant coefficients. The phase angles tested only show relatively small variations in the lift and resultant coefficients, but large variation in the thrust coefficient, with 0 deg phase showing the largest increase in the thrust coefficient and 180 deg phase showing the smallest increase in the thrust coefficient.
The presence of the forewing had very mixed results on the hindwing, when compared with a single wing without a forewing. The hindwing showed a decrease in the lift coefficient of about 50%, regardless of phase angle, whereas the thrust coefficient was increased by about 90% for the 0 deg phase case and decreased by almost 80% for both the 90 and 180 deg phase cases. The resultant coefficient of the hindwing was reduced at all three phase angles, with only a 10% reduction at 0 deg and just over a 50% reduction at 90 and 180 deg.
The power required to actuate the wing was calculated using
where C p is the power coefficient, is the fluid density, A is the planform area with unit depth of an individual wing, U is the flow velocity, T is the flapping period, L is the instantaneous lift force, V is the instantaneous wing vertical velocity, M is the instantaneous pitching moment, and ! is the instantaneous rotational velocity. C p is defined such that a positive C p represents power output by the system and a negative C p is power put back into the system. Because it is impractical for the wing to regenerate power during the flapping cycle, the calculation of C p was modified such that, when the integrand was negative, it was changed to zero for the integration. So when the force opposes the motion, positive actuation power is required, and when the force is coincident with the motion, zero actuation power is required (rather than negative actuation power). Further references to C p refer to this modified C p . In the cases studied, the power contributed by the moment term was negligible compared with the lift term. Table 3 shows the power coefficient as well as the propulsive, lift, and resultant efficiencies for each wing at each phase angle. The propulsive, lift, and resultant efficiencies were calculated using
where P is the propulsive efficiency, C T is the thrust coefficient, C P is the power coefficient, L is the lift efficiency, C L is the lift coefficient, R is the resultant efficiency, and C R is the resultant coefficient.
The results in Table 3 are quite interesting. First, when operating at a 90 and 180 deg phase lag, the hindwing requires very little power for actuation. Despite undergoing the exact same flapping kinematics, the hindwing only requires 36% and 43% of the power needed to actuate the single wing, when operating at 90 and 180 deg phase angles, respectively. This clearly shows that the hindwing is able to extract power from the wake of the forewing at certain phase angles. The large decrease in the actuation power was a result of the phase shift in the lift shown in Fig. 5c . Both the 90 and 180 deg phase cases produce a large amount of positive lift during the upstroke, which corresponds to the direction of motion of the wing and reduces the power needed for actuation. The hindwing has no noticeable effect on the propulsive efficiency of the forewing, regardless of phase angle. Its effect on the forewing's lift efficiency is more noticeable, decreasing it by about 12% at phase angles of 0 and 90 deg and increasing it slightly at 180 deg. For the resultant efficiency, the forewing for the 0 and 90 deg cases showed about a 12% drop in efficiency, compared with the single wing, whereas the forewing for the 180 deg case showed a slight increase in the resultant efficiency.
The effect of the forewing on the hindwing shows mixed results for efficiency. At 0 deg phase, the hindwing showed a small increase in propulsive efficiency over a single wing, but at 90 and 180 deg, it only had about half the propulsive efficiency of a single wing. Conversely, the hindwing flapping at 0 deg phase lag only had approximately one-third the lift efficiency of the single wing, whereas the 90 and 180 deg hindwings showed an increase in the lift efficiency of 37% and 9%, respectively. The resultant efficiency of the hindwing at 0 deg phase lag was about half of the resultant efficiency of a single wing, whereas the 90 deg phase hindwing showed an increase of 30% and the 180 deg phase hindwing showed a slight increase in the resultant efficiency.
Next, the performance of the tandem configuration was compared on a systems level (combined fore-and hindwing) to a single wing. For this comparison, the lift thrust and resultant coefficients were calculated using
where L F and L H are the lift of the fore-and hindwing, T F and T H are the thrust of the fore-and hindwing, and A F and A H are the planform area of the fore-and hindwing with unit depth. Because the combined force production of the tandem configuration is normalized by the planform area of both wings, the lift, thrust, and resultant coefficients can be compared with the same results for a single wing. Table 4 shows the results for cycle average lift, thrust, and resultant coefficients for each tandem configuration (fore-and hindwings combined) compared with the results of a single wing.
The data from Table 4 show that the magnitude of the resultant for the 0 deg phase case is similar to that of the single wing, whereas both the 90 and 180 deg phase cases each exhibit about the same decrease in the resultant, about 20%. The total lift and thrust of the 90 and 180 deg phase cases is less than the case of the single wing. The 0 deg phase case generates 16% less total lift than the single wing, but 60% more total thrust. Overall, the 90 and 180 deg phase cases are detrimental in terms of lift, thrust, and the resultant compared with the single wing. The 0 deg phase case causes no change to the magnitude of the resultant; however, it inclines the resultant forward, producing more thrust at the expense of lift. Table 5 shows the power coefficient and propulsive, lift, and resultant efficiencies of the tandem-wing configuration (fore-and hindwing combined) compared with a single wing.
The 0 deg phase configuration has the highest power coefficient, significantly higher than the single-wing value. Switching to either the 90 or 180 deg phase cuts the power coefficient to approximately 50% of the 0 deg phase case, well below the power coefficient of the single wing. The 0 deg phase configuration has a slightly higher propulsive efficiency than the single wing, whereas both the 90 and 180 deg phase configurations have a slightly lower propulsive efficiency than a single wing. The 0 deg phase case, however, has a significantly lower lift and resultant efficiency than a single wing, whereas the 90 and 180 deg case have very similar lift and resultant efficiencies as a single wing.
Summarizing the effects of the phase angle on the tandem-wing configuration, it is clear that, by switching the phase angle, the tandem wing is able to change its flight mode. When flapping with 0 deg phase lag, the tandem wing produces a large amount of thrust with a high propulsive efficiency but requires more power for actuation, which lowers the lift and resultant efficiencies. Switching to 90 or 180 deg phase lags lowers the required power for actuation by 50% and raises the lift and resultant efficiency, but at the expense of thrust and propulsive efficiency. Lift production was nearly identical between the three tested phase angles. These results seem to line up with the observed behavior of dragonflies, where they flap inphase for maneuvers and out-of-phase for cruising flight.
For the parameters studied in this paper, the tandem wing does not definitively outperform the single wing. Although flapping with 0 deg phase lag results in a larger thrust coefficient and a higher propulsive efficiency than a single wing, there is a noticeable reduction in lift and increase in the power coefficient, which results in a large decrease in the lift and resultant efficiencies. Switching to a phase lag of 90 or 180 deg results in similar lift and resultant efficiencies as a single wing, as well as a smaller power coefficient, but the single wing still has the larger lift coefficient, as well as a larger thrust coefficient and greater propulsive efficiency.
It is difficult to draw comparisons between the results in the current study and the results of previous studies because there are wide variations in the flapping kinematics and flow conditions used. Nevertheless, such comparisons can be used to place the results of the current study into a larger context. 1) Lan and Sun compared the performance of a single wing to a tandem wing at 0, 90, and 180 deg, similar to the method in this paper [19] . They found that the resultant coefficient of the tandem wing at 0 deg was similar to a single wing, whereas the resultant coefficient of the 90=180 deg phase cases were much less than a single wing, similar to this paper. They also found that the 0 deg case had the Table 3 Power coefficient and lift, propulsive and resultant efficiencies for the single wing and the fore-and hindwing at each phase angle smallest thrust coefficient, whereas the 90 deg case had the largest, the opposite of the result in the current paper. These differences are likely attributable to the different wing kinematics used in their study, along with the closer wing spacing and quiescent flow conditions.
2) The 3-D computational work by Sun and Lan found that the tandem interaction decreased the lift around both the fore-and hindwings [22] . The current study also observed a decrease in the lift around the hindwing; however, the lift around the forewing was increased, regardless of phase angle. Although three-dimensional effects may contribute to the difference, Sun and Lan also used flapping kinematics and flow conditions to simulate a dragonfly in hovering flight, which are quite different from the parameters used in this study.
3) Two-dimensional computations by Wang and Russell of a dragonfly in hovering flight showed that maximum lift was produced at 0 deg phase lag, whereas flapping at 90 and 180 deg significantly reduced the lift, but also greatly reduced the power coefficient [20] . Although the kinematics used in the current paper were quite different (Wang and Russell used kinematics from dragonflies captured on film), a similar relationship between the power coefficient and phase lag was observed, though the lift coefficient in the current study remained relatively constant across phase angles.
4) Three-dimensional simulations by Huang and Sun observed that a tandem configuration produced the same lift and thrust coefficients as a single wing whenever the hindwing led the forewing by some phase angle (to compare the tandem-wing results with a single wing, Huang and Sun used a similar method to that of the current paper) [23] . The current study, however, found that the lift Table 5 Power coefficient and lift, propulsive and resultant efficiencies for the single wing and the tandem configuration at each phase angle and thrust of the tandem configurations decreased when the hindwing led the forewing by both 90 and 180 deg. This discrepancy may be the result of three-dimensional effects or the different set of kinematics used, which were similar to the kinematics used by Lan and Sun [19] . 5) Finally, the current study observed that all tandem flight modes decreased the lift, which agrees with the experimental results of Usherwood and Lehmann, who also observed that a tandem arrangement decreased lift production at all phase angles [5] . Although the results are similar, Usherwood and Lehmann used the same kinematics and flow conditions as a dragonfly in hovering flight, which are very different from the parameters in this study.
These results imply the possibility that different flapping kinematics can change the relationship between the phase angle and aerodynamic force production, which greatly increases the complexity in tandem-wing design. Figure 6 shows the vorticity contours around the single wing and the hindwings of the three tandem configurations at four different points in the flapping cycle (0%, 25%, 50%, 75%). Red represents counterclockwise (CCW) vorticity and blue represents clockwise (CW) vorticity. Figure 6 is arranged such that each row shows the four different cases at the same point in the flapping cycle. This specifically highlights how the change in the phase angle affects the vortex generation of the hindwing. Figure 6 shows that the phase angle has a noticeable effect on the size of the leading-edge vortex (LEV) generated by the hindwing. Comparing the different tandem configurations, the 0 deg phase hindwing was characterized by constructive vortex interactions, whereas the 90 and 180 deg phase cases were characterized by destructive vortex interactions.
D. Flow Visualization Results
For the 0 deg phase case, constructive interactions with the vortices shed by the forewing led to increased size of the LEVs generated around the hindwing, which is seen clearly in Figs. 6b, 6f, 6j, and 6n. During the first half of the downstroke (Figs. 6b-6f , the hindwing passes behind CW vorticity shed by the forewing, which interacts with the CW LEV generated on the top of the hindwing. A similar interaction occurs during the first half of the downstroke (Figs. 6j-6n) , where the hindwing passes behind CCW vorticity shed by the forewing, which interacts with the CCW LEV generated on the bottom of the hindwing. This interaction is more noticeable in Fig. 7 , which shows the vorticity contours of the fore-and hindwing together.
For the 90 deg phase hindwing, the destructive interaction caused the lack of an LEVon the top of the airfoil during the downstroke, but the generation of an LEVon the top of the airfoil during the upstroke. The first of these destructive interactions occurs as the hindwing reaches the end of the upstroke and starts on the downstroke (Figs. 6c-6o) . The hindwing passes behind CCW vorticity shed by the forewing, which dampens out the CW LEV that would normally form on the top of the airfoil during the downstroke, while initiating the generation of a CCW LEV on the bottom of the hindwing. A similar interaction occurs as the hindwing moves from the end of the downstroke to the beginning of the upstroke (Figs. 6g-6k ) and passes behind a CW vortex shed by the forewing. This creates a CW LEV that stays attached to the top of the hindwing during part of the upstroke, while canceling out the CCW LEV that would normally form on the bottom of the airfoil. The 180 deg phase hindwing experienced similar destructive interactions as the 90 deg phase hindwing, but to a lesser extent. At the start of the downstroke (Fig. 6d) , the hindwing has already formed a small CW LEV on top, which is earlier than normal. As it starts on the downstroke (Fig. 6d) , the hindwing passes behind CCW vorticity shed by the forewing as the CW LEV is forming on the top of the airfoil. This interaction reduces the size of the LEV formed during the downstroke. As the hindwing starts its upstroke (l), a CW vortex shed from the forewing passes over it. Half of this vortex convects over the top of the hindwing, while the other half interacts with the CCW LEV forming at the bottom of the airfoil and detaches it from the hindwing during the upstroke (Fig. 6p) .
Figures 7-9 compare how the changes in the LEV production of the hindwing due to different phase angles affects the lift and thrust production of the hindwing. Each figure depicts results for the 0, 90, and 180 deg tandem cases, respectively. The transient lift and thrust coefficients of the hindwing are plotted to the left along with the single wing as a baseline. Vorticity contours are shown to the right at four different points in the flapping cycle, 0%, 25%, 50%, and 75% (the same points as in Fig. 6 ). These points in the flapping cycle are marked on the lift and thrust graphs as a, b, c, and d. Figure 7 shows the lift and thrust coefficients as well as the vorticity contours for the tandem-wing flapping with 0 deg phase lag.
Because of the constructive vortex interaction between the fore-and hindwing, the hindwing generates larger LEVs on both the downstroke and upstroke. During the downstroke, the LEV is generated on the top of the airfoil. With the airfoil pitching downward, the LEV is also on the upstream side of the airfoil. This point corresponds to Fig. 7b , which is the point of peak lift and thrust production on the downstroke. The same effect is seen on the upstroke. An LEV forms on the bottom of the airfoil, which, with the airfoil pitching upward, is also on the upstream side. This is shown in Fig. 7d , and it corresponds to peak lift and thrust production on the upstroke. Figure 8 shows the results for the tandem-wing flapping with 90 deg phase lag. Destructive vortex interactions result in the lack of an LEVon the top of the hindwing during the downstroke. Instead, an LEV is formed on the top of the hindwing during the upstroke. This corresponds to points c and d on the force graphs. This causes positive lift to be generated during the upstroke, as well as the large amount of negative thrust, point d. This negative thrust corresponds with the LEV on top of the airfoil also being oriented on the downstream side of the airfoil, because the airfoil is pitching upward at this point. Because the hindwing produces a large amount of lift on the upstroke, the power required for actuation is greatly lessened, because the lift production corresponds to the direction of travel of the airfoil. Figure 9 shows the results for the tandem-wing flapping with 180 deg phase lag. An LEV forms on the top of the hindwing during the downstroke, point a, but its formation is earlier than normal. The LEV is also smaller than normal, and while it forms on the upstream side of the airfoil, it is already convecting away as the pitch angle reaches its maximum point at b. At these points, the force histories show decreases in the peak lift and thrust coefficients. From points c and d, a vortex shed from the forewing bisects the hindwing. Half of it convects over the top, downstream facing side of the airfoil, while the other half detaches the LEV from the bottom, upstream facing side. This corresponds to point d on the force graphs, where the hindwing shows positive lift and negative thrust production. This positive lift persists through the last half of the upstroke, due to the earlier than normal LEV formation on the top of the hindwing, as seen at point a. Like the 90 deg hindwing, the large amount of positive lift produced during the upstroke is responsible for the large decrease in actuation power necessary for the hindwing at 180 deg phase lag.
In summary, Figs. 6-9 show that changing the phase angle changes the vortex interaction between the fore-and hindwing. Specifically, different phase angles can be used to change the nature of LEV formation by the hindwing, which in turn affects the lift and thrust generation of the hindwing, as shown in Figs. 7-9. When flapping with 0 deg phase lag, the resulting LEV formation around the hindwing is similar to a single wing, but the LEVs are larger. This is due to the constructive vortex interactions between the fore-and hindwing, where vorticity shed by the forewing interacts with likesigned LEVs generated by the hindwing. Because of the larger LEV formation, the peak lift and thrust produced by the hindwing is increased.
When the hindwing flaps with 90 or 180 deg phase lag, the vortex interactions between the fore-and hindwing are destructive, where vorticity shed by the forewing interacts with opposite signed LEVs generated by the hindwing. This tends to decrease the size of the LEVs generated by the hindwing as well as change the timing of LEV formation. For the 90 deg hindwing, LEV formation is altered to the point where it forms an LEV on the bottom of the airfoil during the downstroke and on the top of the airfoil during the upstroke. As a result, both the 90 and 180 deg see phase shifts in lift and thrust generation as well as decreases in peak lift and thrust. As a result of the phase shift in lift production, both the 90 and 180 deg hindwings produce a large amount of positive lift on the upstroke, which reduces the power coefficient of both wings.
IV. Conclusions
The aerodynamics of a tandem flapping wing configuration in forward flight was analyzed at a Reynolds number of 10,000. Three different phases between the fore-and hindwings were considered: 0, 90, and 180 deg, and the gap between the fore-and hindwing was equal to one chord length. The analysis was performed at a Strouhal number of 0.3. Detailed comparisons were made with an isolated single flapping wing in terms of the lift, thrust, resultant force, and power coefficients, the propulsive, lift, and resultant efficiencies, and the vorticity contours. The following observations were made:
1) The effect of the phase angle was analyzed for the fore-and hindwings, individually. a) Compared to a single wing, the forewing, regardless of phase angle, showed increased lift, thrust, and resultant coefficients. The hindwing had a smaller lift coefficient at all three phase angles, but the 0 deg hindwing showed a large increase in the thrust coefficient, whereas the 90 and 180 deg hindwings showed a large decrease.
b) The propulsive efficiency of the forewing was unchanged from the value for a single wing, at all phase angles. At 0 and 90 deg phase lag, the forewing showed a noticeable decrease in the lift and resultant efficiencies, but at 180 deg there was a slight increase. For the hindwing, at 0 deg phase lag, there was a significant increase in the propulsive efficiency compared with a single wing, but a very large decrease in the lift and resultant efficiencies. The opposite was true of the 90=180 deg hindwings, which showed a large decrease in the propulsive efficiency, but significantly higher lift and resultant efficiencies. c) At 90 and 180 deg, the hindwing requires only 36% and 43% of the power necessary to actuate a single wing. Given that all wings are undergoing the same flapping kinematics, this shows that the hindwing benefits from the presence of the forewing by extracting energy from the wake of the forewing at these two phase angles.
2) The effect of the phase angle on the tandem configuration at a systems level and the impact on performance was compared to a single wing.
a) The lift coefficient of the tandem configuration was lower than a single wing, but relatively constant at all three phase angles. At 0 deg phase lag, the thrust coefficient was much higher than a single wing's, whereas at 90=180 deg it was much lower. This resulted in the 0 deg phase case having the same resultant coefficient as a single wing, but with it inclined more forward, whereas the 90=180 deg cases had a 20% smaller resultant coefficient than a single wing. b) Flapping in 0 deg phase resulted in the largest power coefficient, significantly larger than a single wing. The 90 and 180 deg phase configurations reduced the normalized power consumption to less than 50% of the 0 deg phase case. The propulsive efficiency of the 0 deg phase case was slightly higher than a single wing, but the lift and resultant efficiencies were significantly lower. Conversely, the 90=180 deg cases have slightly lower propulsive efficiencies than a single wing, but nearly the same lift and resultant efficiencies. c) Adjusting the phase angle allows the ability to switch between two different flight modes. When flapping at 0 deg phase, the tandem configuration produces large aerodynamic forces, especially thrust, at high propulsive efficiency, but at the cost of lift efficiency. This would be suitable for high-performance maneuvers. Switching to a 90 or 180 deg phase flapping cycle greatly reduces the power consumption at the cost of thrust production. Propulsive efficiency goes down slightly, but lift and resultant efficiency increase significantly. Because the net thrust is still greater than zero, but the power cost is much lower, this would be suitable for cruising flight. These results mirror the observations of natural dragonflies in flight.
3) A relationship was observed between the phase angle and the type of wing-wing vortex interaction. a) Adjusting the phase angle of the tandem configuration changed the nature of fore-and hindwing interactions, affecting leading-edge vortex (LEV) formation and the resulting force generation.
b) The 0 deg phase case was characterized by constructive vortex interactions between the fore-and hindwing. These interactions increased the size of the LEVs generated by the hindwing, which resulted in increases in the peak lift and thrust production.
c) The 90=180 deg cases were characterized by destructive vortex interactions between the fore-and hindwing. These interactions decreased the size of the LEVs generated by the hindwing as well as affected the timing of LEV formation. This resulted in decreased peak lift and thrust production. It also caused a phase shift in lift and thrust production, causing both cases to produce significant amounts of positive lift on the upstroke, which reduced the power coefficient.
